It has been shown recently that the inner engine of a type I binary-driven hypernova (BdHN) is composed of a uniform background magnetic field of 10 14 G aligned with the rotation axis of a Kerr black hole modeled by the Wald solution. It is shown here using GRB 130427A as a prototype that this inner engine acts in a sequence of elementary impulses. The case of a single impulse was previously examined, showing that it can accelerate protons to ∼ 10 21 eV which, when propagating along the polar axis, θ = 0, gives rise to ultra high-energy cosmic rays (UHECRs). We show here that when propagating with θ = 0, the inner engine gives rise by synchrotron emission to GeV, TeV and PeV radiation. In this article we examine the sequence of such elementary impulses and determine their characteristic repetition times which start at ∼ 10 −6 s and slowly increase with the time evolution. In principle this inner engine can operate in a GRB for thousands of years and also in active galactic nuclei (AGN).
INTRODUCTION
Eight subclasses of gamma-ray bursts (GRBs) with binary progenitors have been recently introduced in Ruffini et al. (2016 Ruffini et al. ( , 2018b ; Rueda et al. (2018) . One of the best prototypes of the long GRBs emitting 0.1-100 GeV radiation is GRB 130427A . It belongs to a special subclass of GRBs originating from a tight binary system, of orbital period ∼ 5 min, composed of a carbon-oxygen core (CO core ) undergoing a supernova (SN) event, in the presence of a neutron star (NS) companion. The SN, as usual, gives rise to a new NS (νNS). Under these conditions for binary periods 5 min the hypercritical accretion of the SN ejecta onto the companion NS leads to it exceed the critical mass for gravitational collapse and form a Kerr black hole (BH). We have called these systems binary-driven hypernovae of type I (BdHNe I) with E iso > 10 52 erg as opposed to BdHNe II with E iso < 10 52 erg when the NS critical mass is not exceeded . Figure 1 shows the ejecta density distribution of a BdHN I on the binary equatorial plane (left panel) and in a plane orthogonal to it (right panel), at the moment of gravitational collapse of the NS companion, namely at the moment of BH formation. These plots are the result of three-dimensional, numerical smoothed-particle-hydrodynamic (SPH) simulations of BdHNe recently described in Becerra et al. (2019) .
In the specific case of GRB 130427A this BdHN I is seen from "the top" with the viewing angle in a plane orthogonal to the plane of the orbit of the binary progenitor. This allows us to follow all the details of the high energy activities around the BH. This includes a) the observation of the ultrarelativistic prompt emission (UPE) following the BH formation (Ruffini et al. 2018d ), b) the νNS feedback on the SN ejecta leading to the X-ray afterglow (Ruffini et al. 2018a) , c) the ultra-high energy process extracting the rotational energy of the BH and generating the GeV, TeV and PeV radiation treated in Figure 1 . Selected SPH simulation from Becerra et al. (2019) of the exploding COcore as SN in the presence of a companion NS: Model '25m1p07e' with P orb ≈ 5 min. The COcore is taken from the 25 M zero-age main-sequence (ZAMS) progenitor, so it has a mass MCO = 6.85 M . The mass of the NS companion is MNS = 2 M . The plots show the surface density on the equatorial binary plane (left panel) and on a plane orthogonal to it (right panel) at the time in which the NS companion reaches the critical mass and collapses to a BH, t = 462 s from the SN shock breakout (t = 0 of our simulation). The coordinate system has been rotated and translated in such a way that the NS companion is at the origin and the νNS is along the −x axis. this article. The acceleration process of the protons and their emission of synchrotron radiation is also outlined in this article in sections 2 and 4.
Soon after the BH formation, approximately 10 57 baryons, which include the NS companion, are enclosed in the BH horizon beyond any possible measurable effect apart from the total mass and spin of the BH. A cavity of approximately 10 11 cm is formed around the BH with a finite density of 10 −6 g cm −3 , see (Becerra et al. 2018 (Becerra et al. , 2019 . The evolution of such a cavity following the GRB explosion and its overtones inside the cavity has been addressed in the joint article (Ruffini, et al., to be submitted), finally reaching a density of 10 −13 g cm
inside the cavity. The main point of our approach in this article is that the BH formation occurs in such a cavity in the presence of an external, uniform magnetic field of B 0 ∼ 10 14 G aligned with the BH rotation axis. This composite system is the inner engine of the GRB and is mathematically described by the Wald solution (Wald 1974; Ruffini et al. 2018e) .
We have here assumed that the magnetic field and the BH spin are antiparallel so protons along and near the rotation axis in the surrounding ionized circumburst medium are repelled from and electrons pulled in towards the BH. The assumption of a uniform field is expected to be valid only at distances close to the BH horizon. As pointed out by Gibbons et al. (2013) , the stability of Wald-like solutions is guaranteed only if the uniform field is confined to a radius smaller than the Melvin radius,
which imposes an upper limit for this geometry of about 10 11 cm in our present case 1 . The validity of the uniform field assumption for estimating the energetics and main features of the process is guaranteed by the fact that the particle acceleration occurs near the BH horizon at distances much smaller than R M .
1 The conversion factor from CGS to geometric units for the magnetic field is: √ G/c 2 ≈ 2.86 × 10 −25 , where G and c are the gravitational constant and speed of light in CGS units, respectively. Therefore a magnetic field on the order of 10 14 G in geometric units is ≈ 2 × 10 −25 × 10 14 ≈ 2 × 10 −11 cm −1 which leads to the Melvin radius of R = 2/B 0 ≈ 10 11 cm Figure 2 . Count rate of GRB 130427A with isotropic energy Eiso = 1.4 × 10 54 erg and z = 0.34. The event count rate of n9 and n10 of Fermi-GBM surpasses ∼ 8 × 10 4 counts per second in the prompt radiation between T0 + 4.5 s and T0 + 11.5 s. The GRB is there affected by pile-up, which significantly deforms the spectrum (Ackermann et al. 2014 ). We therefore impose as the starting point of our analysis the value of T50, namely t rf =37 s, with t rf being the restframe time, and cover all the successive Fermi-LAT data; see Fig. 3a .
The magnetic energy stored within this radius (assuming a uniform field) is about 10 60 erg, which is still a large number, but it is only an upper limit considering that the decrease of the magnetic field even at distances smaller than the Melvin radius needs to be considered in a more accurate model.
It is appropriate to recall that fields on the order of 10 14 G are routinely adopted in the description of the afterglow both in the case of BdHNe I (Ruffini et al. 2018a) , where dipole + quadruple magnetic fields are adopted and as well for the case of BdHNe II .
Before proceeding further let us recall that we impose as the starting point of our analysis the value of T 50 , namely t rf =37 s of GBM data, with t rf being the restframe time. We perform the corresponding analysis of the GBM data in the GRB 190114C extending the results obtained here and adding the role of the UPE phase elsewhere (Ruffini, et al., to be submitted); see Fig. 2 .
ON THE ELECTRODYNAMICS OF THE "INNER ENGINE"
In the following we mainly focus on a Wald solution within a cone of opening angle π/3 about the magnetic field direction. The main characteristic of this Wald solution is that along the background uniform magnetic field the Lorentz invariant quantity E · B is different from zero, see Miniutti & Ruffini (2000) . This leads to the joint acceleration and synchrotron emission process from the protons which are now assumed to move jointly in the field of Kerr BH and this uniform background magnetic field. We will address only the leading terms of the equation of motion.
The electric field generated by the inner engine is given by (Ruffini et al. 2018e )
where J, M and r + are angular momentum, mass and horizon of the BH, respectively. We first recall the definition of the critical electric and magnetic fields, E c and B c , i.e. 
where m e and e are the electron mass and charge, respectively. If the associated electric field is overcritical, a plasma consisting of a vast number of e + e − pairs is produced by the vacuum polarization process. Such a plasma by self-acceleration produces the ultrarelativistic prompt emission phase (UPE) (Ruffini et al. 1999a (Ruffini et al. ,b, 2000 . This case is presented in a forthcoming paper (Ruffini, et al., to be submitted). We impose here the condition E = E c at the end of the UPE phase which is assumed to occur at T 50 s of the GBM data, namely t rf =37 s, see Fig. 2 . This case is here more easily treated qualitatively and quantitatively.
We show how in the presence of a fully ionized lowdensity plasma in the above mentioned cavity the GRB inner engine accelerates protons up to ultrarelativistic energies. We assume that the emission process originates near the BH and occurs along the magnetic field lines of 10 14 G already derived on the basis of the energetics requirements of the model (see Ruffini et al. 2018e ) and more precisely evaluated in section 4.
When emitted in the polar direction θ = 0, the inner engine can give rise to ultra high-energy cosmic rays (UHECRs). For θ = 0 we integrate the equations of motion and evaluate the synchrotron emission keeping the leading terms.
The relativistic expression for the Lorentz force is dp
where τ is the proper time, p µ is the four-momentum, u µ is the four-velocity, x µ are the coordinates, F µν is the electromagnetic field tensor, m is the particle mass, e is the elementary charge and c is the speed of light. This expression can be rewritten in the laboratory frame using vector notation as
Assuming the motion is one-dimensional, the dynamics of the protons in the external electric field of Eq. (2) and in the magnetic field, for γ 1, is determined from the equation (see e.g., de Jager et al. 1996) 
where γ is the proton Lorentz factor, θ is the average angle between the direction of proton motion and the magnetic field and m p is the proton mass. Assuming all parameters are constant, the approximate solution in the limit γ 1 is
with a = J/M , which has the following asymptotics:
where a = J/M and
and the critical time is
(10) The maximum energy of photons emitted by the proton-synchrotron mechanism is found from the equilibrium between energy gain and energy loss in Eq. (6). Consequently, the following maximum energy of the proton-synchrotron photons is found:
The maximum energy is independent of the magnetic field strength, which for different angles leads to different energy bands for the photons; see Fig. 4 and section 4. From this upper limit some inferences on the TeV emission are in preparation, awaiting the publication of the TeV data. Here we return to the GeV emission and to its energy originating from the BH rotational energy as discussed in next section.
An enormous literature exists on the propagation of ultra high energy protons in a magnetic field with θ = π/2 (see e.g., Erber 1966 , and references therein). Very little has been published for computations for small injection angles, θ ≈ 0 (an important exception being Harding 1991) which we here address.
GRB 130427A AND DETERMINATION OF THE MASS AND SPIN OF THE BLACK HOLE
As detailed in Levan et al. (2013) ; von Kienlin (2013); Xu et al. (2013) ; Flores et al. (2013) ; Ruffini et al. (2015) , following the prompt emission, GRB 130427A has observed fluence in the optical, X-ray, gamma-ray and GeV bands.
The 0.1-100 GeV-emission phase (GeV-P) data obtained from Fermi -LAT together with the best fit of luminosity when measured in the rest-frame of the source, L GeV = 2.503 × 10 52 (t/1s) −1.2±0.04 erg s −1 which has energy of E GeV = (5.69 ± 0.05) × 10 52 erg, are shown in Fig. 3a .
We now verify that the energetics of the GeV radiation can be explained by the extractable energy of the Kerr BH, i.e.,
where
with α = a/M , M and M irr the spin parameter, the mass and the irreducible mass of the BH, respectively. For determining M and α we need an additional equation besides Eq. (12) and Eq. (13).
Since in the BdHN I the BH is formed at the end of the hypercritical accretion, when the NS reaches its critical mass, the specific value of the NS critical mass has to be taken into account. Two possible equations of state (EOS) have been assumed for this purpose. For the NL3 and TM1 EOS the numerical value of the critical mass of a rotating NS is well fit by (Cipolletta et al. 2015 )
where k and p are EOS-dependent parameters, M J=0 crit is the critical mass of a non-rotating NS and j is the dimensionless angular momentum parameter related to α by
Therefore, Eq. (15) is an implicit equation for the NS critical mass as a function of the spin parameter, α, which can be solved numerically. We show in Fig. 3b Figure 3 . a: The rest-frame 0.1-100 GeV luminosity light-curve of GRB 130427A obtained from Fermi-LAT. The black line shows the best fit for power-law behavior of the Gev emission with slope of 1.2 ± 0.04 and amplitude of 2.053 × 10 52 erg s −1 . b: NS critical mass as a function of the spin parameter α for the NL3 and TM1 EOS. We recall that the maximum spin parameter of a uniformly rotating NS is αmax ≈ 0.71, independently of the NS EOS; see e.g. Cipolletta et al. (2015) . c and d: The decrease of the BH spin and Mass, as a function of rest-frame time for GRB 130427A for TM1 EOS. The values of spin and mass at the moment which prompt is finished which has been assumed to occur at the rest-frame time of t rf = 37.3 s, are: α = 0.303 and M (α) = 2.285M . such a relation for the NL3 and TM1 EOS. The maximum spin parameter is independent of the EOS of a uniformly rotating NS and is α max ≈ 0.7, see Fig. 3b . For more details see Cipolletta et al. (2015) . For the two EOS of NS, for each value of E extr there are two corresponding solutions for M (α) and α which are listed in Table 1 .
From the GeV luminosity expressed in the rest-frame of the source, we can determine that the initial value of mass within the TM1 EOS is M 0 = 2.285M at t rf = 37 s; see Fig. 2 . This initial mass leads to M irr = 2.258M . The behaviour of α and M with time are shown in Fig. 3c and Fig. 3d . Both α and M decrease with time which shows the decrease of rotational energy of the BH due to the energy loss in GeV radiation; see Fig. 3c and Fig. 3d .
TIMESCALE OF FIRST ELEMENTARY PROCESS
Having determined the values of the spin and of the mass of the BH, α = 0.303 and M (α) = 2.285M at t rf = 37 s (see section 3 and Fig. 2) , we now assume, at the starting time of the elementary impulsive processes, that the electric field of Eq. (2) at the horizon must satisfy E r+ = E c . wWe consequently determine the magnetic field β = B 0 /B c = 6.7. We also assume the magnetic field remains constant during all the radiation processes (Ruffini et al. 2018c) .
Having obtained the value of B 0 , we can now integrate the equation of motion of the accelerated protons as a function of θ.
The electric potential difference associated with the electric field given by Eq. (2) is
which can accelerate protons along the symmetry axis, θ = 0, to Lorentz factors γ p = p /(m p c 2 ) ∼ 10 12 (Ruffini et al. 2018e ). Therefore, the proton energies can reach values p = γ p m p c 2 ∼ 10 21 eV. For θ = 0, we can integrate the equation of motion given by Eq. (6). We select as an example the proton propagation for different angles, i.e., θ = π/3, θ = 4. 
In Fig. 4c we present the total power of the synchrotron emission by a single proton as a function of time, for various angles. The power increases with time and then at t > t c approaches a constant value, which does not depend on the anglė
In Fig. 4d we show the peak energy of the synchrotron photons as a function of the proton injection angle and the magnetic field.
The total energy emitted in synchrotron radiation, computed by integrating the synchrotron luminosity with time gives 
where τ th stands for timescale obtained from synchrotron theory which is independent of θ; see Fig. 4b . Following our previous work (Ruffini et al. 2018e ) the electrostatic energy available in the first impulsive process is E = 7.5 × 10 41 · α 2 β 2 µ 3 (1 + √ 1 − α 2 ) 3 , which at the t rf = 37 s is E ≈ 2.75 × 10 44 erg. With this energy budget the system can accelerate a total number of protons N p = E/ p ≈ 1.94 × 10 34 . Therefore, the timescale of the first impulsive process from the observed GeV luminosity is
Therefore the timescale τ ob of the first impulsive process as evaluated from the GeV luminosity occurring at t rf = 37 s is in a good agreement with the synchrotron timescale, τ th , derived from the theory in Eq. (21).
In summary having obtained the values of spin, a/M = 0.3, and magnetic field, B 0 /B c = 6.7, from Eq. (11) we obtain the radiation in the GeV, TeV and PeV bands corresponding to selected values of θ. Using Eq. (11) the maximum energy p = 10 21 eV is reached at the critical angle θ = 3.7 × 10 −9 . This gives an absolute lower limit on the θ value for emitting synchrotron radiation. For θ smaller than this critical angle only UHECRs are allowed. See Fig. 4a and Fig. 5 .
The timescale of the process is in general set by the density of particles around the BH, which is provided by the structure of the cavity and SN ejecta, see section 4.
We have already shown that during each such elementary process the BH experiences a very small fractional change of angular momentum |∆J|/J ≈ (|J|/J)∆t el ∼ |∆M |/M ≈ (|Ṁ |/M )∆t el ≈ 10 −10 (Ruffini et al. 2018e ). The repetition time, τ ob , is determined by the density of the particles around the BH and itself determines the rate of the rotational energy loss of the BH which jointly generates the observed power-law behavior of the luminosity shown in Sec. 3 (see Fig. 3a) . We now study the sequence of iterative impulsive processes in which the system starts over, with a new value of the electric field set by the new values of the BH angular momentum and mass, J = J 0 − ∆J and M = M 0 − ∆M , keeping the magnetic field value constant B 0 .
We infer from the observed luminosity the evolution of the timescale τ ob (t) of the repetition time of the impulsive processes by requiring it to explain the GeV emission, i.e.:
where E is electrostatic energy. Therefore we obtain for the timescale
where E r+ is the electric field evaluated at the horizon. Fig. 6a shows that τ ob is a monotonically increasing function of time.
The observed linear dependence can be understood as follows. The electric field goes as E r+ ∝ α and α ∝ t −0.1 while r + and M are very slowly varying functions of t, i.e., they remain nearly constant with respect to the change of α, and L GeV ∝ t −1.2 . Then one obtains (11) for selected angles we obtain the radiation in the different bands GeV, TeV and PeV. Using Eq. (11) we obtain that the maximum energy p = 10 21 eV is reached at the angle θ = 3.7 × 10 −9 . This angle is an absolute lower limit for emitting synchrotron radiation, therefore for θ < 3.7 × 10 −9 , protons are accelerated to give rise to UHECRs. In this figure the magnetic field is "antiparallel" to the Kerr BH rotation axis and protons are accelerated outward and electrons captured by the horizon. The "parallel" case is going to be studied in the forthcoming paper (Ruffini,et al., to be submitted) . b: Synchrotron emission from protons with pitch angle θ. Radiation is concentrated in a cone of angle of 1/γ.
We identify the timescale τ ob with the repetition time of the impulsive process. The efficiency of the system diminishes with time, as shown by the increasing value of τ ob (see Fig. 6 a) . This can be understood by the evolution of the SN remnant (the circumburst, ionized medium). Namely, the density of particles near the BH decreases owing to the expansion of the remnant, making the iterative process become less efficient. As we have mentioned in the immediate vicinity of the BH a cavity is created of approximate radius 10 11 cm and with very low density on the order of 10 −13 g cm −3 (Ruffini, et al., to be submitted) . This implies an approximate number of 6 × 10 44 protons inside the cavity. Then, the protons of the cavity can power the iterative process only for a short time of 1-100 seconds. We notice that at the beginning of the gamma-ray emission the required number of protons per unit time for the explanation of the prompt and the GeV emission can be as large as 10 42 -10 44 s −1 . This confirms that this iterative process has to be sustained by the protons of the remnant, at r 10 11 cm, which are brought from there into the region of low density and then into the BH.
We turn back now to give a leading order estimate of the timescale. For this we can make use of the Maxwell equations. After some manipulation and simplification, we can write the time evolution of the electric field at the BH horizon, E r+ , as
where J m = −e · c · n(t, r) is current density of inflowing particles and dn/dt the particle rate. At the moment of the SN explosion the CO core outer layers (the ejecta) start a spherically symmetric expansion and follow an approximate power-law profile (Becerra et al. 2016 )
with the index m ≈ 2.7. The expansion is homologous, v = r/t. However, the presence of the NS companion and the hypercritical accretion process onto it makes the distribution of SN matter become asymmetric (see e.g., Fig. 1 and Becerra et al. 2016 Becerra et al. , 2019 and changes the initial power-law profile. Centered on the BH, the density can be also approximated by a power-law profile like (27). Fig. 6b shows the density profiles along selected directions on the equatorial plane where the angle θ = 0 describes the line joining the centers of the νNS and the newly born BH. The BH is located at the origin (0, 0). Therefore, the density at a fixed position r (from the BH) decreases as:
which impliesṅ(t, r) = −(3 − m)n(t, r)/t, and theṅ J m (t, r) = −e · c · (m − 3) · n(t, r)/t ∝ t −4+m . Eq. (26) can be solved for τ by introducing E r+ = E 0 e −t/τ , and then evaluating the density at the innermost layer r 0 we obtain:
where we have introduced: n + = 3N p /(4πr 3 + ) and T + = r + /c. Adopting n ∝ r −2 around the BH, Eq. (29) leads to τ = kt. By using t 0 = 10 s and n 0 ∼ 3 × 10 25 cm −3 , corresponding to a density 10 2 g cm −3 of ionized matter near the BH as obtained from our 3D-SPH numerical simulations (see Fig. 6b ), we obtain k ≈ 2 × 10 −8 , in agreement with the value k ≈ 3 × 10 −8 obtained from the GeV emission data (see Fig. 6a ).
We are currently examining the operational condition of the inner engine in the cavity and in the circumburst medium acquiring the necessary data in the GeV, TeV, PeV and UHECR regimes (Ruffini et al. in preparation) .
CONCLUSIONS
In a previous article (Ruffini et al. 2018e) we have shown that the inner engine of a type I BdHN is composed of a uniform magnetic field of approximately 10 14 G aligned with the rotation axis of a Kerr BH, as described by the Wald solution (Wald 1974) . We have shown there, using GRB 130427A as a prototype for the model, that this inner engine works in a sequence of elementary impulses.
The case of the single, first impulse was analyzed in Ruffini et al. (2018e) . It was shown there that protons along the rotation axis are accelerated to energies which can explain the UHECRs.
In this letter: 1. We have examined the sequence of elementary impulses and have determined their recurrence times.
2. We have shown that the recurrence time starts from 10 −6 s and slowly increases linearly with time. 3. We then demonstrated that such a qualitative and quantitative behavior of the elementary process timescale is explained by the decrease of the density around the BH due to the creation of the cavity (Ruffini, et al., to be submitted) and the nearly homologous expansion of the ejecta. Turning to the specific operation of the "inner engine" leading to the emission of the GeV, TeV and PeV radiation; see Fig. 4 and Fig. 5 , we can conclude that:
1. The emission region of synchrotron radiation by protons, accelerated to ultrarelativistic energies, originates close to the horizon of the BH and propagates through the uniform magnetic field of 10 14 G to 10 5 cm from the BH horizon.
2. The acceleration time up to the final synchrotron emission is τ th = 3 × 10 −6 s independent of the angle of injection in the uniform magnetic field. This is in agreement with the repetition time of τ ob derived from the inner engine and observed luminosity; see Eqs. (22) and (24).
3. Further data on the high energy photons in the TeV announced by MAGIC (R. Mirzoyan et al. 2019) , as well as the further extension to the MeV radiation available for GRB190114C, will be essential to complete the properties of the inner engine, as summarized in Fig. 4 and Fig. 5 . This will certainly define the interaction of the inner engine with the circumburst-interstellarintergalactic mediums which need the publication of the MAGIC results.
One of the most remarkable properties of the global Wald solution is that the currents created by 10 40 protons and the corresponding number of electrons per second moving in opposite directions are indeed consistent with the maintenance of the 10 14 G magnetic field, which remains constant in time; see Miniutti & Ruffini (2000) To conclude, it is worth mentioning that the energetic reservoir based on the BH rotational energy, and the efficiency of the process based on the timescale of the elementary process analyzed here, show that this inner engine can operate in a GRB for thousands of years, and that it can also be at work in AGNs.
Having reached a deeper understanding of the elementary impulsive event presented in Ruffini et al. (2018e) , as well as having developed here the treatment of the sequence of impulsive events made possible by the excellent LAT data for GRB 130427A, we are now ready to address the new astrophysical scenario made possible by the excellent GBM data of GRB 190114C.
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